We develop an overarching framework that combines long-term tag-recapture data and powerful statistical and modeling techniques to investigate how population, environmental, and climate factors determine variation in vital rates and population dynamics in an animal species, using as a model system the population of brown trout living in Upper Volaja (Western Slovenia). This population has been monitored since 2004; Upper Volaja is also a sink, receiving individuals from a source population living above a waterfall. We estimate the numerical contribution of the source population on the sink population and test the effects of temperature, population density, and extreme events on variation in vital rates among more than 2,500 individually tagged brown trout. We found that fish dispersing downstream from the source population help maintain high population densities in the sink population despite poor recruitment. The best model of survival for individuals older than juveniles includes additive effects of year-of-birth and time. Fast growth of older cohorts and higher population densities in 2004-2005 suggest very low population densities in late1990s, which we hypothesize were caused by a flash flood that strongly reduced population size and created the habitat conditions for faster growth and transient higher population densities after the extreme event.
assumed to be born in AW and be "late incomers", that is fish dispersing into Upper Volaja when 1+ in September or older. We grouped together fish born in Upper Volaja and early incomers (both "early incomers" from now on), since we cannot distinguish between them (see Text ESM 1 for methodological details). We tested for recruitment-driven population dynamics by estimating correlations between density of 0+ fish ( D 0+ ) in September and density of older than 0+ ( D >0+ ) one or two years later.
For movement, we first estimated the proportion of tagged trout sampled in different sectors at different sampling occasions. Then, we estimated the parameters of a Generalized Linear Model (GLM) in which the number of different years in which a fish was sampled predicted the probability of a fish being sampled in different sectors.
Growth and body size
In order to characterize size-at-age and growth trajectories, we modeled (a) variation in size at first sampling (i.e., 0+ in September), (b) individual, year-of-birth cohort, and spatial variation in lifetime growth trajectories, and (c) variation in growth between sampling occasions.
Variation in size at age 0+
We used linear regression to model the variation in mean length of cohorts at age 0+ ( L 0+ ) using D >0+ and GDDs (up to August 31 st ) and their interaction as candidate predictors. We logtransformed both L 0+ and D >0+ [10] . We carried out model selection with the MuMIn package [24] for R, using the Akaike Information Criterion (AIC) as a measure of model fit. We considered that models had equal explanatory power when they differed by fewer than 2 AIC points [25] .
Lifetime growth trajectories
The standard von Bertalanffy Growth Function (vBGF) is
where L ∞ is the asymptotic size, k is a coefficient of growth (in time -1 ), and t 0 is the (hypothetical) age at which length is equal to 0.
In the vast majority of applications of the vBGF, L ∞ , k, and t 0 have been estimated at the population level starting from cross-sectional data, without accounting for individual heterogeneity in growth. However, when data include measurements on individuals that have been sampled multiple times, failing to account for individual variation in growth will lead to biased estimations of mean length-at-age [6, 7] .
We used the formulation of the vBGF specific for longitudinal data of [6] , in which L ∞ and k may be allowed to be a function of shared predictors and individual random effects. In the estimation procedure, we used a log-link function for k and L ∞ , since both parameters must be non-negative. We set log k (ij )
where u~N (0,1) and v~N (0,1) are the standardized individual random effects, σ u and σ v are the standard deviations of the statistical distributions of the random effects, i is the individual, j is the index for groups (e.g. cohort), and the other parameters are defined as in Eq.
(1). The continuous predictor x ij (i.e. population density or temperature, as explained below) in Eq.
(2) must be static (i.e. its value does not change throughout the lifetime of individuals).
Models were fitted with the Automatic Differentiation Model Builder (ADMB), an open source statistical software package for fitting nonlinear statistical models [26, 27] . One of the features of ADMB is the ability to fit generic random-effects models using an EB approach using the so-called Laplace approximation [28] . Unlike most mixed model software available, ADMB is totally flexible in its model formulation, allowing any likelihood function to be coded up in C++. The flexibility is useful if the model involves several individual-specific parameters. The gradient (i.e. the vector of partial derivatives of the objective function with respect to the parameters) provides a measure of convergence of the parameter estimation procedure in ADMB. Although speed consideration and model complexity may motivate the use of a less strict convergence criterion, by default ADMB stops when the maximum gradient component is
Since the growth model operates on an annual time scale and more data on tagged fish were generally available in September of each year, we used September data for modeling lifetime growth. Following [6] and [7] , we included three potential predictors of k and L ∞ : (i) cohort In addition, we tested the hypothesis of a longitudinal gradient in growth within Upper Volaja -as commonly found in marble trout Salmo marmoratus living in the study area [6] -in which fish living more upstream show higher length-at-age than fish living more downstream, probably due to more food drift available to them. Thus, we also used (iv) sampling sector as categorical predictor of k and L ∞ . Following [6] , Cohort and sampling sector were introduced as fixed effects. Datasets for the analysis of lifetime growth trajectories are described in Text ESM 2.
Growth in size between sampling intervals
We used Generalized Additive Mixed Models (GAMMs) [29] to model variation in mean daily growth G d (in mm d -1 ) between sampling occasions using length L, Age, GDDs over sampling intervals by Season, and D >0+ as predictors, plus fish ID as a random effect. Since we expected potential non-linear relationships between the two predictors and G d , we used candidate smooth functions for L and GDDs. We carried out model fitting using the R package mgcv [30] and model selection as in the Section "Variation in size at age 0+".
Recruitment
Brown trout living in Upper Volaja spawn in December-January and offspring emerge in June-July. Females achieve sexual maturity when bigger than 150 mm, usually at age 2+ or older, and can be iteroparous [31, 32] . We used density of fish with L > 150 mm as density of potential spawners at year t (D s,t ) and density of 0+ in September of year t as a measure of recruitment (R t ).
The most popular stock-recruitment models (e.g. Ricker's, Beverton-Holt's, Cushing's) rarely provide a good fit to recruitment data of small freshwater fish populations. Following [23] , we thus used Generalized Additive Models (GAMs) to model variation in R t using density of potential spawners in September of year t-1 (D s,t-1 ) and GDDs for year t up to emergence time (we assumed from January 1 st to May 31 st for standardization purposes) as predictors. We used candidate smooth functions for GDDs and D s,t-1 as we were expecting non-linear relationships between the two predictors and R t . We carried out model selection as in Section "Variation in size at age 0+".
Survival
To characterize variation in survival and identify the determinants of this variation, we modeled survival between sampling occasions for tagged fish and survival between age 0+ and 1+ for untagged fish that were first sampled in the stream when 0+.
Survival of tagged individuals
Our goal was to investigate the effects of mean temperature, early density, season, age, and sampling occasion on variation in probability of survival of tagged fish using continuous covariates ( D >0+ , mean temperature between sampling intervals T , Age) at the same time of categorical predictors (Cohort, Time, Season). Since only trout with L > 115 mm (aged at least 1+) were tagged, capture histories were generated only for those fish. Full details of the survival analysis are presented in Text ESM 3.
Two probabilities can be estimated from a capture history matrix: φ, the probability of apparent survival (defined "apparent" because it includes permanent emigration from the study area, which is basically inevitable in mobile species when only a fraction of the area occupied by the species is studied), and p, the probability that an individual is captured when alive [15] . We used the Cormack-Jolly-Seber (CJS) model as a starting point for the analyses [15] . We started with the global model, i.e. the model with the maximum parameterization for categorical predictors. From the global model, recapture probability was modeled first. The recapture model with the lowest AIC was then used to model survival probabilities.
We modeled the seasonal effect (Season) as a simplification of full time variation, by dividing the year into two periods: June to September (Summer), and the time period between September and June (Winter). Since length of the two intervals (Summer and Winter) was different (3 months and 9 months), we estimated probability of apparent survival on a common annual scale.
Both Age and T were introduced as either non-linear (as B-splines) or linear predictors, while D >0+ was introduced only as a linear predictor. In addition, we tested whether probability of apparent survival of trout that was born in AW was different from that of fish born in Upper Volaja. In this case, we used a subset of the whole dataset that included cohorts born between 2004 and 2010. We carried out the analysis of probability of survival using the package marked [14] for R.
Survival from age 0+ to 1+ (first overwinter survival)
Because fish were not tagged when smaller than 115 mm (thus 0+ were never tagged as they are always smaller than 115 mm), we assumed a binomial process for estimating the probability σ 0+ of first overwinter apparent survival (0+ in September to 1+ in June) for trout that were sampled in September of the first year of life and had the adipose fin cut (see Text ESM 4 for details on the estimation of σ 0+ ). This way, immigration of un-sampled individuals at 0+ would not bias the estimates of apparent survival probabilities. We tested for density-dependent apparent survival σ 0+ by estimating a linear model with D >0+,m (mean of D >0+ at year t in September and t+1 in June) as predictor of the estimate of σ 0+ (σ 0+ ). We log-transformed both σ 0+ and D >0+,m . We carried out model selection as in Section "Variation in size at age 0+".
Results

Variation in density, recruitment, and movement
The estimated probability of capture at every depletion pass was high (mean±sd of point estimates across sampling occasions: 0.86±0.07 for 0+ fish and 0.91±0.02 for fish older than 0+) (Table ESM 3 ). Population density was variable through time, although the coefficient of variation (CV) was low for D >0+ (15%) and high for D 0+ (65%) ( Fig. 1 and Table ESM 3). The estimated number of trout in the stream (mean±se) was between 0±0 (year 2014) and 65±1
(2015, 871±19 fish ha -1 ) for 0+ and between 327±2 (2015, 4382±25 fish ha -1 ) and 548±3 (2004, 7343±38 fish ha -1 ) for older fish ( Fig. 1 and Table ESM 3 ).
For each cohort born after the start of sampling (i.e., since 2004), the number of sampled fish in a cohort increased after the first sampling (i.e., from 0+ to 1+), thus showing that fish from AW contributed to population size and population dynamics of brown trout in Upper Volaja ( Fig. 1 ). Since 2010 (the first year in which fish from cohorts born before 2004 were fewer than 10% of population size), the proportion of trout alive that were not sampled in Upper Volaja early in life (i.e., "late incomers") has been high and stable across years (0.35±0.05, Table ESM   4 ).
There was little variation in density of potential spawners across years (mean±sd = 3459±442 fish ha -1 , CV = 13%) and the best model of recruitment R t did not include either GDDs or D s,t-1 .
We observed complete a recruitment failure in 2014, despite an average density of potential spawners sampled in September 2013 (3270±21 fish ha -1 ). The estimated number of 1+ in September 2015 (all fish coming from AW after September 2014) was 20±0.8.
There was no significant lagged correlation (either for lag of 1 or 2 years) between D 0+ and D >0+ , which indicates that recruitment (density of 0+ in September at year t) was not driving variation in population density of fish older than juveniles at year t + 1 or t + 2.
Only 26±1% of tagged fish were sampled in more than one sector across sampling occasions.
Of those, ~25% were sampled at different sampling occasions in non-adjacent sectors, thus most movement was relatively limited in distance. The probability of being sampled in different sectors increased with the number of years in which a fish was sampled (GLM: α = -0.04±0.02, β = 0.13±0.01, p<0.01).
Growth and recruitment
The best model for mean length of age 0+ fish ( L 0+ ) in September had only D >0+ as predictor (negative effect, R 2 = 0.28, p = 0.06), although models with only GDDs (positive effect of We found a longitudinal gradient in lifetime growth trajectories in Upper Volaja, with fish sampled in sampling sectors more upstream growing faster and having larger asymptotic size than fish sampled in sectors more downstream. However, differences in mean length-at-age were small and confidence intervals for the average sector-specific growth trajectories tended to overlap ( Fig. 3 and Table ESM 7) .
Brown trout relatively large early in life tended to remain larger than their conspecifics throughout their lifetime (Pearson's r of size at age 1+ and size at age 3+ = 0.25, p < 0.01). The best model of growth between sampling intervals included Cohort, Age (growth tended to be slower at older ages), L (growth decreased with increasing L), and the interaction between density and Season as predictors (n = 4174, R 2 = 0.33; Fig. ESM 4) . GDDs had a positive, although small, effect on Summer growth and a negative and stronger effect on Winter growth ( Fig. ESM 4) .
Survival
We found a highly variable probability of early apparent survival σ 0+ over years, ranging Probability of capture for tagged brown trout was high (p = 0.84 on average across sampling occasions), with variation in probability of capture best explained by sampling occasion (Table   ESM 8 The best model for probability of apparent survival had an additive effect of Cohort and Time on φ ( Table 1 and Fig. 4a ), but part of the variation in φ due to Cohort may be explained by Age (Fig. ESM 5) . Population density had small effects on φ, with a slight tendency toward lower φ at higher densities (Fig. 4c ).
Discussion
In order to understand how variation in vital rates and life histories of organisms emerge we need (a) long-term studies that include contrasting environmental conditions [5] , (b) longitudinal data [15] , and (c) statistical models that can tease apart shared, and individual contributions to the observed temporal and spatial variation in vital rates, life histories, and population dynamics We discuss how the framework we presented can facilitate the integration of population-level processes across temporal and spatial scales and identify gaps that can be informed by an understanding of those processes. We also discuss what we have learned about the population of Upper Volaja, the pieces of missing information that would further our understanding of demographic and life-history processes in freshwater salmonids, and how our results help advance our understanding of those processes in natural populations.
Growth and extreme events
The best model of brown trout lifetime growth trajectories included year-of-birth cohort as a categorical predictor for both L ∞ and k. The vBGF parameters can seldom be interpreted separately, especially when only a few older fish are measured [6] ; it follows that the analysis of the whole growth trajectories is necessary for understanding growth variation among individuals and cohorts. The method for estimating lifetime growth trajectories we used in this work provides excellent predictions of unobserved size-at-age [6, 7] . We found that most of the differences among the average growth trajectories of cohorts were due to fish born in years 2000 and 2001, which grew much faster than fish born in later years. We did not observe evident Along with higher estimated densities, recorded extreme rainfall, and compensatory responses similar to those observed in other salmonids, the random-effects vBGF was crucial for developing the robust hypothesis of the occurrence of an extreme climate events causing massive mortality in the late 1990s [6] . In fact, using only the few data points at older ages that were available for the older cohorts would not allow estimating their cohort-specific average lifetime growth trajectories [6] . Similarly, the estimation of a correlation structure among extreme rainfall events in Western Slovenia that leverages information from tens of meteorological stations [36] and future measurement of water flows in small streams with probes or meters would provide a clearer picture of the past and future extreme rainfall events and flash floods in Western Slovenian streams. This would also help us interpret some currently unexplained observations in Upper Volaja that may depend on climate events, such as recruitment failures.
Recruitment and movement
Whether there is a relationship between the number or density of spawners (i.e., stock) and recruitment in freshwater fishes has been a subject of debate for decades, and contrasting results have been found. For instance, a Ricker stock-recruitment relationship was found in 5
populations of brown trout living at the periphery of its distribution (Spain, Nicola et al. 2008 ), although egg production and density of the spawning stock were not observed, but estimated from fecundity, trout density, and proportion of sexually mature trout. On the contrary, stockrecruitment relationships were not found in brown trout living in 4 sites within Rio Chaballos (also in Spain), where environmental factors -in particular flow rates -were found to mostly determine recruitment [38] . We did not find any evidence of a relationship between potential spawners and recruitment in Upper Volaja, although the density of potential spawners estimated according to size is only a crude proxy of the density of the actual spawners [32]. In addition, due the influx of fish from upstream, we cannot exclude that young-of-the-year -despite suitable spawning areas in Upper Volaja -were in part or largely produced above the waterfall.
In Upper Volaja, we found that number of fish for some cohorts increased through multiple years, indicating that large numbers of older fish were dispersing from the source population into the sink population. In addition, 26% of tagged fish (thus older than 0+) within Upper Volaja changed sector at least once throughout their lifetime, although those movements may be of just tens of meters over a lifetime. Contrary to what we found for marble trout living in the area [23] , the population size of brown trout older than juveniles was not driven by recruitment, a result that should be mostly ascribed to the large proportion of fish older than young-of-the-year that were born above the waterfall.
Survival
Although density-dependent early survival is commonly found in brown trout [10] , there are examples of brown trout populations showing density-dependent survival only at the adult stage [39] or constant loss rates [40] . In the brown trout population of Upper Volaja, probability of survival early in life was some years lower than and in other years comparable to probability of survival of older fish (i.e. between 0.1 and 0.62 annual survival probability). It is often challenging to compare survival probabilities reported in the literature for natural populations, since more intuitive temporal scales (i.e., month or year) are not always used, and the delta method [41] or similar approaches must be used for estimating the standard errors of the transformed survival probabilities.
In Norwegian streams with similar water temperature and life-history traits to the Upper Volaja population, first overwinter survival was at lower end of the range found for Upper Volaja (0.65 to 0.87 monthly survival for the 9 "winter" months, i.e. ~ between 0.01 and 0.20 annual survival) [42] . during incubation and emergence were negatively correlated with recruitment success [43] .
Fish from AW seem to have only a "numeric" effect on the population of Upper Volaja, although fish genotyping and molecular pedigree reconstruction [32, 44] 95% confidence intervals are barely visible as the probability of fish capture at each passage was very high (~90%) and consequently confidence intervals very narrow. 3 . Average growth trajectories in sampling sectors for brown trout that have been sampled either once at age 1+ or multiple times in the same sampling sector (with first sampling occurring at age 1+). Brown trout tend to grow faster in sampling sectors more upstream (S4 is the most the upstream sampling and S1 the most downstream). 1.0 9 _ 5 9 _ 6 9 _ 7 9 _ 8 9 _ 9 9 _ 1 0 9 _ 1 1 9 _ 1 2 9 _ 1 3 9 _ 1 4 9 _ 1 5 9 _ 9 9 _ 1 0 9 _ 1 1 9 _ 1 2 9 _ 1 3 9 _ 
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